Hardmetals are the composite materials which have carbides and a metal, e.g. Fe, Co, Ni etc., as binder phase. WC-Co is generally called hardmetal, since it has the best mechanical property. In Japan, hardmetal which has finished their cycle, have been recovered and reused or recycled. However, sludge produced from processing of hardmetal tools and its polishing has been discarded because there are difficulties to be treated. In addition, Japan depends on China for tungsten resource, developing recycling method of this sludge is necessary.
Introduction
Hardmetal means that the composite material has carbide of the periodic table group metal as hard phase and ironbased metal (Fe, Co, Ni etc.) as binder phase. WC-Co is generally called hardmetal, since it has relatively good mechanical property. Tungsten is a heavy metal with several unique physical and mechanical properties such as high melting/boiling points and a density of 1:91 Â 10 4 kg/m 3 . These properties make tungsten suitable for a wide variety of industrial and military applications. 1) Use of metallic tungsten include tungsten carbide tools, lighting application (metal wires, coils, etc.), welding electrodes, super-alloys for turbine blades, gyroscope rotors, X-ray tubes, counterbalance weights, sporting goods, electrical contacts, electron emitters, and penetrators and warhead liners in ammunition. In spite of its extensive uses, biological and biochemical effects of tungsten and tungsten compounds are not well known. 2, 3) There are five general methods of producing tungsten carbides: 4) direct reduction of the oxide, isolation from alloy, deposition from the vapor phase, electrolysis of fused salts and synthesis from the elements. Both in the straight and multicarbide grades, binder content is the most important variable in determining transverse rupture strength, hardness and other strength properties. Within the range of 3$25 mass% cobalt for commercial straight carbides, hardness and elastic modulus increase with decreasing cobalt content. The major usage of cemented carbide is in the cutting tool application, which includes turning, facing, milling, boring, reaming, threading, filing, shearing, and glass cutting. Other large uses of cemented tungsten carbide include swaging dies, drawing dies, and other metaldeformation applications, such as cold heading and Sendzimir mill rolls. Tungsten carbide is also used exclusively in tooling for mining drills, which include oil well, coal mining, and tunnel boring applications.
In Japan, hardmetal insert which was finished usage has been recovered and reused or recycled. However sludge produced from processing of hardmetal tools and its polishing has been discarded because these are difficulties to be treated. In addition Japan depends on China for tungsten resource, developing recycling method of this sludge is necessary.
In this study, hardmetal sludge was used which produced from processing of hardmetal tools. The hardmetal sludge contains ultrafine tungsten carbide of less than 100 nm. As a fine particle processing technique, froth flotation is well known and widespread in mineral processing to improve the recovery of valuable fine mineral particles within the diameter range of about 10 to 100 mm. But ultrafines of less than 10 mm become difficult when colliding with air bubbles, attributed partly to the existence of an energy barrier in the vicinity of the air-water interface. 5, 6) Therefore, a series of new processing methods, such as flotation, vacuum flotation, selective flocculation, and liquid-liquid extraction, etc., has recently been developed to treat ultrafine mineral particles. 7, 8) Among the methods of processing ultrafine minerals, liquidliquid extraction is a promising one in which the ultrafine particles are extracted from aqueous suspensions into an oil phase, used instead of an air phase (as in the froth flotation * Graduate Student, The University of Tokyo process), the desired mineral particles being separated from others dependent on the difference of wettability in oil and water. 9) In the present study, therefore, the recovery of tungsten carbide from hardmetal sludge was carried out by just using difference in sinking rate with other particles such as silica, and then tower mill was used for liberation. In addition, liquid-liquid extraction was performed using nDodecane, then ultrasonic, cutter-mill and microwave were used for liberation.
Sample and Methods

Analysis methods
Hardmetal sludge produced from processing of hardmetal tools was used in this experimental work. Chemical composition was analyzed by X-ray fluorescence (XRF: Supermini, RIGAKU) and the structure of the synthesized adsorbents was analyzed by means of a X-ray diffractometer (XRD: MO3XHF, Mac Science) with Cu-K ( ¼ 0:154 nm) radiation (40,000 V and 0.04 A) at a scanning speed of 2 /min. In addition, backscattering electron (BSE) equipped with an energy dispersive X-ray spectroscope (SEM-EDS: JSM-7000FX, JEOL).
Characteristics of sample
The elemental composition of the steel sludge analyzed by XRF is given in Figure 1 shows the X-ray diffraction pattern of hardmetal sludge dried at 358 K. X-ray diffraction analysis indicated that silica [SiO 2 ] and tungsten carbide [WC] were the main crystalline phases. Hardmetal sludge produced from processing of hardmetal tools contains water or oil and diatomaceous earth was added as a filtration assistant to filter out the water or oil. Diatomaceous earth contains over 90 mass% SiO 2 . In order to recover tungsten carbide, its separation is necessary from silica. Figure 2 shows BSE images of hardmetal sludge. When the atom number becomes higher, the parts containing this element are looked brighter in BSE image. In turn, location of W (atom number 74) is brighter than location of Si (atom number 14). It was observed that particles containing W are attaching to the particles containing Si had several tens mm of particle size. By observing Fig. 2(b) , particle containing W has particle size less than 100 nm. According to XRD result, particle containing W is WC and particle containing Si is SiO 2 .
Experimental 2.3.1 Free-settling method
Firstly, wet grinding by means of a tower mill was used to liberate WC and SiO 2 particles. The advantage of tower mill is the ability to produce large volumes of material with a low specific energy requirement and low maintenance costs. Hardmetal sludge was dried at 358 K for 48 h in order to remove water. Then, 2 Â 10 À3 m 3 water was added to 500 g sample and the mixture was milled by using a wet tower mill. After milling, 3 Â 10 À3 m 3 water was additionally used for output of sample from mill. pH in sample was controlled by adding HCl and NaOH. Separation process of WC from SiO 2 was carried out by just using natural sinking. The milling time was varied between 0.5 and 9 h. Then the rotation speed was adjusted at 500, 1000, or 1500 rpm. The pH was controlled at 2, 3, 4.7 or 7. The sinking box was allowed to stand for sinking and then sinking time was kept at 30 min to 6 h. At the end of each test, both sink and float fractions were dried and analyzed for element composition using XRF.
Liquid-liquid extraction
In another process, liquid-liquid extraction was used. Ultrasonic, cutter-mill and microwave were used for liberation of particles. At first, hardmetal sludge was dried at 358 K for 48 h in order to remove water. Dried sample was liberated by using cutter-mill or microwave. The sample (0.5 g) and distilled water were then placed in an 300 mL Pyrex separating funnel having a ground glass stopper. After controlling pH, a certain amount of organic solvent was added and the funnel was further shaken for 20 min. The funnel was then allowed to stand for phase separation. Each of the two oil and water phases was drained and then dried. The dried product was weighed to determine the recovery and analyzed for element composition using XRF. Figure 3 shows the WC and SiO 2 grades and WC recovery in suspension after sinking product separated by tower mill as a function of rotational speed; then milling time was kept for 3 h and sinking time was kept for 3 h. As one can expect, not only not only WC grade and recovery increase with increasing rotational speed, whereas SiO 2 grade decreases. This was due to the fact that enough energy is necessary to separate WC from SiO 2 and 1500 rpm is more suitable rotational speed than 500 or 1000 rpm. Experimental results indicated that WC grade was increased to about 80.5 mass% and SiO 2 grade was decreased to about 9.6 mass% when rotational speed was 1500 rpm. Moreover, WC recovery was increased to about 9.79 mass%. Figure 4 shows the WC and SiO 2 grades and recovery of WC in suspension as a function of milling time. WC grade decreased with increasing milling time, whereas the SiO 2 grade increased. WC was separated from silica by milling. By the way, silica is also separated with the passing of milling time. SiO 2 grade, therefore, increases and WC grade decreases relatively. In spite of increasing WC recovery with increasing milling time, 1 h milling time is the best time for W separation because of the highest WC grade, 85.9 mass%; then SiO 2 grade is 5.9 mass% and WC recovery is 6.61 mass%.
Results and Discussion
Free-settling method
Next, the effect of sinking time on concentrating WC was investigated. The experimental results are given in Fig. 5 , which shows the WC and SiO 2 grades and WC recovery as a function of sinking time. During this set of experiments, the sample was milled for 1 h at 1500 rpm. It was found that WC grade and recovery was increased with increasing sinking time and this value was equilibrium from 3 h. Especially, when sinking time was performed for 3 h, WC grade was the highest, 86.1 mass%, whereas SiO 2 grade was the lowest, 4.0 mass%. It was also found that WC recovery was about 10 mass%.
According to the Stokes' law, the sinking rate of particles in liquid, V S , can be calculated by using eq. (1). (a) BSE image (X 1,800) (b) BSE image (X 120,000) Fundamental Study on Recovery of WC from Hardmetal Sludge by Using Mineral Processing
where, e s and e w are the densities of particle and solvent, g is acceleration due to gravity, d is radius of particle and is the viscosity of solvent.
As a result of calculation, the sinking rate of 100 nm WC is about 7:63 Â 10 À9 m/s and one of 10 mm SiO 2 is about 9:26 Â 10 À6 m/s. Using this calculation results, time for sinking 0.1 m was calculated, which is the height of 5 Â 10 À3 m 3 water in sinking box. Figure 6 shows the sinking distance of 100 nm WC and 10 mm SiO 2 as a function of sinking time. It takes about 3 h for sinking 0.1 m of 10 mm SiO 2 , namely, almost all of SiO 2 particles is settled for 3 h. In case of 100 nm WC particle, it takes about 3600 h for sinking 0.1 m; in turn, WC particles do not sink due to thermal agitation of Brownian motion.
The DLVO theory is named after Derjaguin, Landau, Verwey and Overbeek, who developed it in the 1940s. 10) DLVO theory describes dispersion and coagulation of particles under the influence of the London-van der Waals force and the electrostatic interaction, i.e. the forces acting between particles, by drawing the interaction potential curve between particles. Potential energy V T of interaction between particles in an aqueous solution is given as follows; 11)
where, V A is potential energy due to the Lon-van der Waals force, and V R is potential energy due to the electrostatic interaction. Figure 7 shows the interaction energy curves calculated from the DLVO theory. The interaction energy curve for WC particles of 100 nm at pH 2, 3, 4.7 and 7 are plotted in Fig. 7(a) . When pH is 2-in other words, zeta potential is À5 mV, it can be noted that WC particles are likely to coagulate since there is no potential barrier. The higher pH is, the higher energy barrier i.e. maximum V max is. At pH 7, V max is about 12 kT, (Fig. 7(a) ). This value means that the dispersion at pH 7 is better than pH 2, 3, and 4.7. As a measurement result of zeta potential, the zeta potential of WC particles increased with increasing pH and tended to equilibrium from about pH 7, namely, V max tended to equilibrium, too. indicates the interaction energy curve between 10 mm SiO 2 particles as a function of distance. In case of SiO 2 , V max was increased with increasing pH value and all V max calculated at pH 2, 3, 4.7, 7 and 9 is higher than 15 kT. Interaction energy curve at pH 2, the lowest pH, is about 414 kT. However, because particle size of SiO 2 is over 10 mm, sinking force by gravity is higher than dispersibility force. Large SiO 2 particles sink as a result.
Next, interaction energy curve between WC and SiO 2 particles was calculated and shown in Fig. 7(c) as a function (c) between WC particle of 100 nm and SiO 2 particle 10 μm of distance. When pH is 2, WC-SiO 2 particles are likely to coagulate because there is no potential barrier. In case of pH 3, the coagulation would happen since minimum V min exists.
11) The V max is observed from pH 4.7. The V max at pH 4.7 is about 15 kT and one at pH 7 is about 35 kT. As mentioned earlier, when V max is less than 15 kT, they may coagulate slowly-in other words, the WC-SiO 2 particles would not coagulate at pH 7 but may slowly coagulate at pH 4.7. The V max at pH 9 is about 35 kT and it can be noted that WC-SiO 2 particles are likely to coagulate. However, the controlling pH needs chemicals and produces waste water, so the authors think that pH 7 is the best point to disperse WC particle and sink SiO 2 particle.
The effect of pH on concentrating WC was investigated. The experimental results are given in Fig. 8 , which shows the WC and SiO 2 grade as a function of pH. Then, rotational speed was 1500 rpm, milling time was 1 h and sinking time was 4 h. When pH is 2, 3 and 4.7, WC grade was about 62 mass% and SiO 2 grade was about 26 mass%. It is thought that the coagulation happened easily at these pHs and coagulated particles including WC sank and SiO 2 particles, which became small were dispersed. On the other hand, WC particles were dispersed and SiO 2 particles sank at pH 7. As the final outcome, WC grade at pH 7 was increased up to about 86.1 mass% and SiO 2 grade was decreased to 4.0 mass%.
In case using just free-settling, result was affected by density and diameter of particle. In the present study, WC particles are smaller than SiO 2 particles. Therefore, WC particles don't sink and SiO 2 particles sink despite density of WC particle is higher than SiO 2 . By the way, particle size of SiO 2 becomes smaller by liberation process and decreasing particle size of SiO 2 hampers improving WC concentration.
Liquid-liquid extraction
As a pre-test, four kinds of organic solvent (namely: butanol, amyl alcohol, kerosene and n-dodecane) and WC and SiO 2 reagents were used. Consequentially n-dodecane was chosen as organic solvent for concentrating WC from SiO 2 by liquid-liquid extraction. In addition, it was confirmed that WC concentration is the best when oil volume concentration is 10% at pH 1.5.
Ultrasonic uses the sound pressure and cavitation effect inducing separation between interfaces of each particle. The ultrasonic is the one of the best efficient among various engineering cleaning technology and economically feasible. So, ultrasonic is important in the field to clean complicated shape or exact cleaning and its application becomes wider by advancement of the industrial structure. Figure 9 indicates the WC and SiO 2 grades in oil phases as a function of ultrasonic time; then oil volume concentration was 10% and pH was 1.5. When ultrasonic time was 20 min, WC grade was improved up to over 90 mass%. The longer ultrasonic time was, the more separation was occurred between WC and SiO 2 particles, that is WC grade and recovery were improved, (Fig. 9) . Improving grade and recovery of WC is expected by extension of ultrasonic time. However, there is a problem which is high-energy consumption by long ultrasonic time.
Cutter-mill has used the impact force. In this study, therefore, cutter-mill was used to crush SiO 2 part, which is softer than cutter made of hardmetal. WC has a Mohs hardness of +9 4) and SiO 2 has a modified Mohs hardness of +7.
12) The rotational speed of cutter was fixed on 20,000 rpm. Figure 10 shows WC and SiO 2 grade in oil phase and WC recovery as a function of cutter-mill time. In just 1 min WC grade was improved up to 89.9 mass% and WC recovery was 23.8 mass%. After 6 min the more WC particles were liberated, increasing WC recovery, but particle size of SiO 2 also decreased. Thus, dispersibility of SiO 2 heightened and extracted SiO 2 with WC was increased, namely, WC grade was decreased.
Microwave heating is widely used to warm up foodstuffs quickly. Unlike conventional heating, where heat flows from the outer surface to the core of the body, heat is generated within the body in microwave heating due to the transmission of an electromagnetic wave, and heat can propagate in all directions depending on temperature. From energy point of view, microwave heating is very efficient method as it does not unnecessarily warm up the space surrounding the object of interest. Because of its pollution free and rapid heating, it has become increasingly popular technique in various industries. 13, 14) It can be expected that WC is heated by microwave treatment and expands. Then, SiO 2 around WC was crushed by this expansion and separation between WC and SiO 2 was occurred.
The effect of microwave on WC concentration was given Fig. 11 . In this experiment, ultrasonic was used for 10 min after microwave to disperse WC and SiO 2 particles. In a short space of time, 1 min, WC grade was improved over 90. When microwaving time was 5 min, WC grade was 91.3 mass% but, WC recovery was just 16.3 mass%. In spite of extension of microwaving time, WC recovery was not improved. Whereas WC grade was decreased with increasing microwaving time to 7 min.
Conclusion
WC concentration from hardmetal sludge was investigated by using free-settling and liquid-liquid extraction. Wet grinding by means of a tower mill was used to liberate each particle before free-settling. It was found that:
(1) WC grade increased with increasing rotation speed of tower mill, but the recovery decreased. (2) Whereas tungsten grade increased with decreasing milling time, the recovery of tungsten decreased. (3) Another finding of this study is that WC grade increases and recovery decreases with increasing sinking time up to 3 h. (4) When rotation speed was adjusted at 1500 rpm, milling time was kept at 1 h and sinking time was kept at 3 h, tungsten grade was increased up to 85.9 mass% from about 66.2 mass% and the recovery of tungsten was about 10 mass%. Moreover, silica grade was decreased 28.5 mass% to 5.9 mass%. In case using liquid-liquid extraction, ultrasonic, cuttermill and microwave were used for liberation. Results of liquid-liquid extraction were like that;
(1) Grade and recovery of WC increased with increasing ultrasonic time. It took over 20 min for ultrasonication to improve WC grade to over 90 mass%. (2) By cutter-mill, WC grade decreased with increasing mill time, but the recovery increased. WC grade was improved up to 89.9 mass% and the recovery was 23.8 mass% for 1 min. (3) WC grade was the highest when microwaving time was 5 min. Then WC grade was 91.3 mass% and the recovery was 16.3 mass%. Various mineral processing were carried out for WC concentration. By using these methods, improving WC grade is possible up to over 90 mass%. However, WC recovery was just 24 mass% when cutter-mill was used. Because each process used in present study has individual property for liberating WC from SiO 2 , the authors suggest that WC recovery can be improved by combination of these processes. For example, silica particles can be separated from surface of hardmetal sludge by using cutter-mill and then microwave can exact clean WC surface. By this combination, improving WC grade is expected. Furthermore, increasing WC recovery is also expected by repetition of the process. 
